Avian semen cryopreservation is not as successful as that seen in mammals. This failure is mostly attributed to unique physiological characteristics of poultry semen that make it susceptible to cryo-damages. Utilization of sublethal oxidative stress for preconditioning of sperm, as an innovative approach, improves the cryo-survival of sperm in certain mammalian species. The purpose of this study was to investigate the effects of preconditioning of rooster semen with sublethal oxidative stress [very low concentrations of nitric oxide (NO)] before cryopreservation on the quality and fertility potential of thawed sperm. Semen samples were collected from 20 roosters, twice a wk, and different concentrations of NO [0 (NO-0), 0.01 (NO-0.01), 0.1 (NO-0.1), 1 (NO-1), 10 (NO-10), and 100 μM (NO-100)] were used to investigate the effects of controlled induction of sublethal stress before semen cryopreservation on the thawed sperm performance. A significantly higher (P < 0.05) percentage of total motility was observed in semen treated with NO-1 compared to NO-0, NO-0.01, NO-0.1, NO-10, and NO-100. NO-1 and NO-100 produced the highest and lowest percentages of progressive motility, which were significantly different from that of the other groups (P < 0.05). A significantly higher (P < 0.05) percentage of sperm mitochondria activity was observed in semen exposed to NO-0, NO-0.01, NO-0.1, and NO-1. Moreover, the lowest (P < 0.05) concentration of malondialdehyde (MDA) was measured in samples treated with NO-1 in comparison to the other groups. Abnormal morphology, acrosome integrity, and velocity parameters [velocity average path (VAP) and linearity (LIN)] of sperm were not significantly (P > 0.05) affected by different concentrations of NO. Sperm exposed to NO-1 produced the highest percentage of viable spermatozoa (Annexin − /PI − ), which was significantly different from the other samples. Finally, rate of fertility after artificial insemination was significantly higher (P < 0.05) following treatment with NO-1 compared to NO-0 and NO-0.1. Application of 1 μM NO as a sublethal oxidative stress before cryopreservation of sperm efficiently increased numerous quality indices of thawed sperm as well as its fertility potential.
INTRODUCTION
Avian semen cryopreservation has been extensively applied in order to develop an efficient method of artificial insemination for commercial breeders (Mphaphathi et al., 2016) . However, fertility potential of thawed sperm is not desirable due to low motility and viability of rooster sperm after freeze-thawing (Hou et al., 2008) . This obstacle is mostly related to several inflicted damages caused during cryopreservation, such as mechanical, biochemical, and ultra-structural alterations of sperm (Mazur, 1984) that negatively affect the quality of sperm and fertility potential of thawed semen. It also has been reported that rooster sperm are more susceptible to cryo-injuries C 2018 Poultry Science Association Inc. Received November 11, 2017 . Accepted February 7, 2018 Corresponding author: m.sharafi@modares.ac.ir (Long, 2006) because their plasma membranes contain relatively large percentages of polyunsaturated fatty acids (Bréque et al., 2003) and their cytoplasm contains relatively low concentrations of scavenging enzymes (Aitken and Fisher, 1994) in comparison to other species (Donoghue and Wishart, 2000) . Therefore, an optimized strategy is required to prevent these destructive effects of cryo-injuries (Vishwanath and Shannon, 2000) . During the last 24 yr, employment of antioxidants has been the conventional protective approach against cryo-damages (Forouzanfar et al., 2010; Emamverdi et al., 2013) . However, it has been reported that this strategy cannot completely overcome all damages induced by cryopreservation due to incomplete capacity of antioxidants and probable conversion of these reagents to toxic components that may affect the regulation of specific cellular functions . In recent yr, a novel approach has been applied to increase sperm , oocyte (Vandaele et al., 2010) , and embryo resistance (Lin et al., 2014) during the cryopreservation process. Mild sublethal stress induced before freezing, such as hydrostatic (Huang et al., 2009) , osmotic (Lin et al., 2009) , or oxidative stress , can increase sperm tolerance toward cryo-damages. All the abovementioned studies aimed to induce initiation of molecular events that may prevent activation of apoptotic pathways during cryopreservation. Huang et al. (2009) reported that mild hydrostatic stress induced before cryopreservation can increase several special proteins, such as the ubiquinol-cytochrome C reductase complex, which is thought to play an important role in the motility and fertility potential of sperm.
Most of these proteins belong to the chaperone family and are highly conserved and participate in various cellular functions, including protein stabilization, cell cycle control, redox regulation, energy metabolism, fatty acid metabolism, and the elimination of damaged proteins (Csermely et al., 1998) . Moreover, Sharafi et al. (2015) reported that mild oxidative stress induced by using a very low concentration of nitric oxide (NO), as a free radical that initiates oxidative stress before cryopreservation of bull semen, inhibited apoptotic pathways of sperm via reducing caspase-3 activity. The purpose of this study was to investigate the effects of preconditioning of rooster semen with sublethal oxidative stress (very low concentrations of NO) before cryopreservation on the quality and fertility potential of thawed sperm. It was expected that preconditioning of rooster sperm with NO may generate mild stress in rooster sperm that consequently leads to an adaptive response. Several sperm parameters such as motion characteristics, membrane functionality, morphology, lipid peroxidation, apoptosis, mitochondrial activity, and acrosome integrity as well as in vivo fertility were assessed to detect the effects of this approach on cryopreservation outcomes.
MATERIALS AND METHODS

Chemicals
All chemicals used in this study were purchased from Sigma (St. Louis, MO) and Merck (Darmstadt, Germany) except where noted. Sodium nitroprusside dehydrate (Sigma; CN. 71778) was used as a NO donor for induction of oxidative stress. Approval for the study was obtained by the Research Ethics Committees of Tarbiat Modares University, Tehran, Iran.
Farm Management and Semen Collection
Twenty 28-week-old Ross broiler breeder (Ross Breeding Center, Iran) roosters (kept in the research farm of Tarbiat Modares University, Iran) were fed with a diet that contained 12% crude protein, 2,750 kcal maintenance energy/kg, 0.7% calcium, and 0.35% available phosphorus. For artificial insemination, broiler breeder hens comprising 60 28-week-old Ross (Ross Breeding Center, Iran) were kept individually under conditions similar to those of the roosters except for their feed. Semen samples were collected 2 times a wk from roosters during one mo (8 replicates) based on the method of Burrows and Quinn (Burrows and Quinn, 1937) . Semen samples were placed in a thermal flask containing water at a temperature between 38 and 40
• C and then transferred to laboratory within 5 min after collection for primary evaluation . Ejaculates that had the following criteria volume of >0.2 mL, concentration of >3 × 10 9 sperm/mL, and motility of >80% were used in this study. To eliminate individual differences, semen samples were pooled and then divided into 6 equal aliquots.
Semen Processing, Stress Induction, and Cryopreservation
Lake buffer used as the base medium was composed of 0.4 g/L D-fructose, 0.15 g/L polivinylpyrrolidone, 0.96 g/L sodium glutamate, 0.25 g/L potassium citrate, 0/035 g/L magnesium acetate, and 0.187 g/L glycine. Prior to cryopreservation, Lake was supplemented with 1% soybean lecithin and 5% glycerol and then combinations of Lake buffer and NO were used to produce different concentrations of NO: Lake without NO (control or NO-0), Lake plus 0.01 μM (NO-0.01), 0.1 μM (NO-0.1), 1 μM (NO-1), 10 μM (NO-10), and 100 μM (NO-100). The pH was set at 7.4 for all groups, and a one-step procedure was used to freeze the semen. After dilution, semen samples were aspirated into 0.25 mL French straws to provide a final concentration of 100 × 10 6 sperm/straw, sealed with polyvinyl alcohol powder, and subsequently equilibrated at 5
• C for 3 hours. After equilibration, the straws were placed 5 cm above the surface of the liquid nitrogen for 12 min in a cryobox then plunged into liquid nitrogen for storage (Fattah et al., 2017) . The frozen straws were thawed individually (37
• C) for 30 s in a water bath, and then they were evaluated individually. Before any evaluation, glycerol was removed using a discontinuous Accudenz, which was equipped with a 12% (5.0 mL) layer and a 30% (0.5 mL) layer. Centrifugation of semen (1200 g; 20 minutes) maintained the glycerol and extender above the 12% layer, whereas the purified sperm was deposited between the 12 and 30% layers. After Accudenz, up to 500 mL Beltsville extender was added to the semen layer to readjust the semen's original volume and resuspend before recovering the sperm (Purdy et al., 2009 ).
Evaluation of Thawed Sperm
Motion Characteristics. Sperm class analysis software (Version 5.1; Microptic, Barcelona, Spain) was used to evaluate the motion characteristics of sperm. Thawed sperm was diluted with PBS buffer, then 5 mL of diluted sample were placed on a prewarmed chamber slide (38
• C, Leja 4; 20 mm height; Leja Products, Luzernestraat B.V., Holland). At least 6 fields that contained a minimum of 400 sperm were evaluated for each sample, and the following parameters were analyzed: motility (%), progressive motility (%), average path velocity (μm/sec), straight linear velocity (μm/sec), curvilinear velocity (μm/sec), and amplitude of lateral head displacement (μm).
Plasma Membrane Functionality. Plasma membrane functionality was determined by the hypo osmotic swelling test (HOST) as described by Shahverdi et al. (2015) . The HOST relies on membrane resistance to loss of permeability barriers under stress conditions induced by stretching in a hyper-osmotic medium. Here, 5 μl of semen were mixed with 50 μl of a 100 mOsm/kg hypo-osmotic solution [fructose (9 g/L in distilled water)] and sodium citrate (4.9 g/L in distilled water). This mixture was incubated at 37˚C for 30 minutes. Then, 300 sperm were randomly assessed to determine the percentage of swollen and non-swollen tails visualized under a phase-contrast microscope (X400 magnification, CKX41, Olympus, Tokyo, Japan).
Morphology. Hancock solution was used to evaluate the abnormal morphology of sperm (Schäfer and Holzmann, 2000) . This solution consisted of 62.5 mL formalin, 150 mL sodium saline solution, 150 mL buffer solution, and 500 mL double-distilled water. At least 4 drops of the semen were pipetted into 1.5 mL tubes, containing 1 mL Hancock solution. One drop of this mixture was placed on a microscope slide and covered with a cover slip. The number of sperm with abnormal morphology was recorded by counting a total of 200 sperm under the phase-contrast microscope (x1000 magnification; oil immersion).
Lipid Peroxidation. Malondialdehyde (MDA) concentrations as indices of lipid peroxidation in semen samples were measured using thiobarbituric acid (Esterbauer and Cheeseman, 1990) . Briefly, 1 mL of diluted semen sample (250 × 10 6 sperm/ mL) was mixed with 1 mL of cold 20% (w/v) trichloro acetic acid to precipitate the protein content. The precipitation was performed by centrifuging (at 960 g for 15 min), and 1 mL of the supernatant was incubated with 1 mL of 0.67% (w/v) thiobarbituric acid in a boiling water bath at 100
• C for 10 minutes. After cooling, the absorbance was determined by a spectrophotometer (UV-1200, Shimadzu, Japan) at 532 nm. MDA concentrations were expressed as nmol/mL.
Phosphatidylserine Translocation Assay as Sign of Apoptosis and Viability. Annexin-V (IQP, Groningen, Netherlands) was used to determine phosphatidylserine translocation as an index of apoptosis and viability in rooster sperm. After washing sperm with calcium buffer and adjusting the concentration of sperm at 1 × 10 6 , 10 μl of Annexin V-FITC were added to the sperm suspension, followed by incubation at room temperature for 15 minutes. Then, 10 μl of propidium iodide (PI) were added to the sperm suspension, and the resultant suspension was analyzed by a flow cytometer. The sperm samples were classified into 4 groups as follows: 1) viable non-apoptotic sperm (negative for both Annexin V and PI; A − /PI − ), which was calculated as percentage of viability, 2) early apoptotic sperm (positive for Annexin V but negative for PI; A + /PI − ), 3) late apoptotic sperm (positive for both Annexin V and PI; A+/P+), and 4) necrotic sperm (negative for Annexin V but positive for PI; A − /P + ). The late apoptotic and necrotic sperm were categorized as percentage dead sperm ( Figure 1A) . Mitochondrial Activity. The percentage of sperm with active mitochondria was determined by a fluorescent lipophilic cationic dye (JC-1) in accordance with the manufacturer's instructions (Invitrogen TM, Eugene, OR, and PI TM, Eugene, OR). Five microliters of JC-1 working solution was added to 300 μl of diluted semen samples containing 2 × 10 6 sperm and incubated at 37
• C for 15 min in the dark. Then, sperm suspensions were washed and analyzed by a flow cytometer. Results for JC-1-stained sperm are mentioned in Figure 1B : FL1 for green (low or no active mitochondria) and FL2 for red/orange fluorescence (active mitochondria).
Acrosome Integrity. Pisum sativum agglutinin (PSA) was applied to examine the acrosome integrity of rooster sperm after thawing (Thys et al., 2009) . For this purpose, 5 μl of the sperm suspension were added to 100 μl ethanol (96% purity). After 20 min, 10 μl of the suspended sperm were mixed with 30 μl of PSA on a glass slide. Finally, 300 sperm were counted per slide by a fluorescent microscope (BX51, Olympus) equipped with fluorescence illumination and a FITC filter (excitation at 455 to 500 nm and emission at 560 to 570 nm) at X400 magnification. Green fluorescent sperm heads were considered to have intact acrosome, while those with no fluorescence were assumed to have damaged or disrupted acrosome.
Flow Cytometry
Flow cytometry analyses of apoptosis and mitochondrial activity were performed using the FACSCalibur (Becton Dickinson, San Khosoz, CA) flow cytometer equipped with standard optics. A minimum of 1 × 10 4 sperms were examined for each assay at a flow rate of 100 cells/second. The sperm population was gated using 90
• and forward-angle light scatter to exclude debris and aggregates. The excitation wavelength was 488 nm supplied by an argon laser at 250 mW. The analysis of flow cytometry data was performed using FlowJo software (Treestar, Inc., San Carlos, CA).
In Vivo Fertility Assessment
Artificial insemination (AI) was accomplished as described by Long and Kulkarni (2004) with minor modifications. To evaluate fertility, 60 Ross breeder hens (28 wk old) were divided into 3 groups of 20 hens. Hens were housed in individual cages (70 × 70 × 85 cm) and inseminated with thawed sperm in 3 experimental groups that were selected according to the results of in vitro sperm assessments. NO concentrations of 0.1 (NO-0.1) and 1 (NO-1) along with the control group (NO-0) were applied to test the fertility potential of rooster sperm. AI was performed immediately after thawing at 15 pm on certain d (twice a wk for approximately one mo) with insemination of 100 × 10 6 sperm/straw obtained from each treatment. The eggs were collected up to 5 d after the last artificial insemination. For each group, 400 eggs in 4-week sets (100 eggs in each set) were selected for incubation. After eggs were collected, they were set on turning trays and then disinfected for 15 minutes. Afterward, eggs were set in a common incubator (Victoria, G. Galilei, 3-22070, Guanzate, Como, Italy) for 18 d at 37.7
• C. After 18 d of incubation, the eggs were transferred to the hatcher for the remaining 3 d of incubation. On d 7 of incubation, the fertility rate was measured by candling the eggs. Hatching rate was calculated after 21 d of incubation based on the number of fertilized eggs.
Statistical Analysis
Eight replicates of semen were used for cryopreservation and evaluation of sperm. All data were checked for normal distribution by the Shapiro-Wilk test and analyzed using Proc GLM of SAS 9.1 (SAS Institute, version 9.1, 2002, Cary, NC). Statistical differences among various group means were determined by Tukey's test and a P < 0.05 was considered to be statistically significant. Results are shown as mean ± SEM. Fertility and hatching rate were analyzed by GENMOD procedure using the chi-square test. Table 1 shows the mean percentage of motility and velocity parameters of thawed rooster sperm exposed to different concentrations of NO. The highest percentage of total motility (P < 0.05) was observed in NO-1 treated-samples (76.4), which was significantly different from those of NO-0 (61.2), NO-0.01 (60.7), NO-0.1 (67), NO-10 (54.5), and NO-100 (26.1)-treated samples. However, in terms of total motility, there was no significant difference (P > 0.05) between samples treated with NO-0 and NO-0.01. For progressive motility, NO-1 and NO-100 produced the highest and lowest values (43.1 vs. 10.7, respectively), which were significantly different from other concentrations of NO, while there was no significant difference among NO-0 (32.7), NO-0.01 (33.3), and NO-0.1 (31). Concerning sperm velocity parameters, significantly higher percentages of velocity straight line (VSL) were observed in samples treated with NO-0.1 and NO-1 (35.2 and 35.1, respectively) compared to other groups. Moreover, significant increased percentages of velocity curvilinear (VCL) were observed in NO-0, NO-0.01, NO-0.1, and NO-1 (58.4, 60.2, 61.6, and 62.5, respectively) compared to NO-10 and NO-100 (45.1 and 44.2, respectively). velocity average path (VAP) and linearity (LIN) were not significantly (P > 0.05) affected by treatment with the different concentrations of NO. a-e Different letters within the same row show significant differences among the groups (P < 0.05). 
RESULTS
Computerized Evaluation of Motion Characteristics of Sperm
Evaluation of Plasma Membrane
Functionality, Mitochondrial Activity, Abnormal Morphology, Acrosome Integrity, and Lipid Peroxidation Table 2 shows the alterations in thawed rooster sperm in morphology, plasma membrane functionality, mitochondrial activity, acrosome integrity, and lipid peroxidation of sperm exposed to different concentrations of NO. Similar to the trend observed for motility, NO-1 produced a significantly greater percentage of membrane functionality (75) compared to other groups (P < 0.05). There was no significant difference (P > 0.05) among NO-0, NO-0.01, and NO-0.1 in terms of membrane functionality (62.5, 63.1, and 64, respectively), while NO-10 and NO-100 produced the lowest values in this regard (54 and 41, respectively). Furthermore, significantly enhanced (P < 0.05) percentages of sperm mitochondrial activity were observed in samples treated with 63.4, 61.8, and 60 .1, respectively) compared to those treated with respectively) . The lowest levels of MDA, as an index of lipid peroxidation, were obtained following exposure to NO-1 (2.77) compared to other concentrations of NO (P < 0.05). There was no significant difference in MDA among NO-0, NO-0.01, and NO-0.1, but NO-10 and NO-100 treatments produced the highest levels of MDA (3.24 and 3.21, respectively). Abnormal morphology and acrosome integrity of sperm were not significantly (P > 0.05) affected by different concentrations of NO.
Evaluation of Phosphatidylserine Translocation as Sign of Apoptosis and Viability
Effects of mild oxidative stress induced by different concentrations of NO on the apoptosis-like changes and viability of sperm after cryopreservation are noted in Figure 2 . Sperm exposed to NO-1 produced the highest percentage of viability (75.6) and the lowest percentage of apoptosis (20.8), which were significantly different from those induced by other concentrations of NO. The percentage of dead/necrotic sperm was significantly reduced in sperm exposed to NO-1 (75.6) in comparison to other groups.
Evaluation of In Vivo Fertility Rate
Regarding the fertility potential (Table 3) , markedly improved rates of fertility (P < 0.05) were obtained in sperm treated with NO-1 (59%) as compared to NO-0 (48%) and NO-0.1 (45%)-treated sperm. There was no significant (P > 0.05) difference between NO-0 and NO-0.01 in terms of fertility rate. The percentage of hatching rate was not significantly affected by NO based on the number of fertilized eggs.
DISCUSSION
Rooster semen cryopreservation can be a strategy for management of breeder flocks reproduction (Moghbeli et al., 2016) . However, deleterious damages such as thermal and osmotic tension as well as ice crystallization of sperm occur during this process (Mazur, 1984) , leading to reduction of fertility potential of thawed semen (Andreea and Stela, 2010) . Rooster sperm are more sensitive to these injures due to their high levels of polyunsaturated fatty acids (Bréque et al., 2003) . Although several protocols have been implemented in cryopreservation to avoid these damages to sperm, viability of post-thaw sperm is not desirable (Gliozzi et al., 2011; Bacon et al., 1986) . Therefore, development of strategies to reduce these structural and biochemical damages is highly required. In recent yr, a new strategy has been introduced for mammalian sperm based on preconditioning of sperm before freezing with mild stress (Vishwanath and Shannon, 2000) . However, this strategy and its mechanisms that may affect the rooster sperm remain completely unknown. In the present study, we investigated the effects of preconditioning of rooster semen with sublethal oxidative stress induced by NO before cryopreservation of rooster sperm. We hypothesized that preconditioning of the pre-freezing sperm may have protective effects against the probable damages of cryopreservation. We used a wide range of NO concentrations (0.01 to 100 μM) to determine the best level of NO that can induce desirable sublethal stress, consequently boosting sperm function after thawing. We observed a dose-dependent improvement in motion characteristics, membrane functionality, mitochondrial activity, and lipid peroxidation of cryopreserved sperm following exposure to different levels of oxidative stress (i.e., different doses of NO). We also found that 1 μM NO could be considered the suitable concentration (sublethal level), as it significantly improved quality indices of sperm and fertility potential. Furthermore, we achieved an acceptable fertility rate after artificial insemination with sperm cryopreserved in 1 μM NO. The higher quality of sperm treated with 1 μM NO prior to cryopreservation probably attributed to the awareness role of NO before freezing, which may lead to sperm resistance against cryoinjuries . The probable mechanism in which motion characteristics of rooster sperm increased with the application of NO is not completely understood, but it may be the result of improvement in mitochondria performance under sublethal stress (Dodaran et al., 2015) . It also seems that sublethal stress induced by NO may stimulate the motility via activation of the cyclic GMP/protein kinase G signaling pathway (Miraglia et al., 2011) . In addition to the stress-inducing role of NO, there are several important physiological effects for NO that can be helpful for cryopreserved sperm. It can induce post-translational S-nitrosylation of several proteins as well as ROS detoxifying, which consequently increase the motility and energy generation of sperm (Lefièvre et al., 2007) . Therefore, these effects induced by NO could be responsible for improving the motility, membrane functionality, mitochondrial activity, and fertility potential of thawed sperm. Our results are in agreement with studies in which NO-induced mild oxidative stress increased the motility and membrane functionality of bull and human sperm (Hezavehi et al., 2016) . The hypothesis that sublethal stress can temporarily increase resistance against future tension has been observed in different types of live cells (Kültz, 2005) . Conserved proteins in the sperm have crucial roles in this process, by repairing and stabilizing the DNA, proteins, and the cytoskeleton (Csermely et al., 1998) . Production or phosphorylation of heat shock proteins (HSP) is another reason for enhancement of sperm resistance after exposure to sublethal stress. These proteins maintain sperm homeostasis during oxidative stress (Pribenszky et al., 2010) . We expected significant changes in morphology of sperm treated with different concentrations of NO because we assumed that sublethal stress can control liquid influx inside the sperm during the thawing procedure and preserve the membrane function of sperm against ice crystallization (Ozkavukcu et al., 2008) . However, preconditioning of sperm with sublethal stress had no effect on the morphology of sperm. Our findings are in agreement with those reported by Bucak et al. (2010) who reported that secondary morphology of sperm is not affected by the processing technique because primary sperm abnormalities occur during spermatogenesis. Importantly, in the present study, the rate of apoptosis was reduced while the rate of viability and mitochondria active potential were increased in sperm treated with 1 μM NO. An earlier study reported that sublethal stress with hydrostatic pressure (HP) before freezing increased the rate of viability of bull sperm (Horváth et al., 2016) . Furthermore, the percentage of apoptosis in bull sperm exposed to sublethal stress was significantly reduced . Probably, reduction of the apoptosis under the effect of sublethal stress in the present study was due to the synthesis or phosphorylation of stress-related proteins such as HSP that enhanced sperm resistance towards various stress stimuli (Kültz, 2005) . HSP maintain sperm homeostasis during cryopreservation (Pribenszky and Vajta, 2010) and inhibit the intrinsic and extrinsic pathways of apoptosis in the sperm (Guerin et al., 2001 ). In agreement with this statement, Cole and Meyers (2011) reported that HSP70 expression increased in macaque sperm treated with sublethal osmotic. This expression reduces or blocks caspase activation in the sperm, which leads to enhancement of cryo-survival (Garrido et al., 2006) .
Our results also showed a logical relationship between sperm motility and mitochondrial activity. Consistently, other researchers have suggested that sperm motility is relatively dependent on mitochondrial activity (Martínez-Pastor et al., 2008) . This phenomenon may be due to the presence of a direct relationship between apoptosis and mitochondrial function of sperm. Mitochondria play a primary role in extending apoptosis following opening mitochondrial pores, which leads to subsequent release of pro-apoptotic factors. Moreover, synthesis of ATP is controlled by mitochondrial activity, and damage to mitochondria leads to loss of sperm motility.
In PSA staining, acrosome integrity seemed not to be affected by the NO treatment. Acrosome of sperm is changed during cryopreservation, due to membrane and calcium channel alteration, an event that has been called cryo-capacitation (Kadirvel et al., 2011) . Moreover, phosphatidyl serine externalizations and other apoptotic markers are increased during the freezing process (Anzar et al., 2002) , which can induce the pre-acrosome reaction. Due to the positive effect of NO on the motility, membrane integrity, and mitochondria activity, we expected that NO would improve acrosome integrity of rooster sperm after freezing. Nevertheless, the post-thaw acrosome integrity was not affected by the NO treatment. This finding is in agreement with the results of Shahverdi et al. (2015) who reported that addition of extenders had no effect on the acrosome of rooster sperm. However, goat sperm acrosome was improved by the addition of trehalose to the cryopreservation medium (Aboagla and Terada, 2004) . This discrepancy might be because of the difference in species and composition of extenders that were studied.
The fertility and hatching rates for cryopreserved sperm treated with 1 μM NO were 59 and 78%, respectively. These achievements are comparable to several fertility studies using frozen sperm for artificial insemination Ansari et al., 2017; Zhandi et al., 2017) . This rate is also a significant improvement in fertility when compared to that of the control group without NO treating. Poultry is a species that ovulates more than a single ovum in a certain period of time. Therefore, it has sperm storage tubes (SST) for storage of sperm and then gradual releasing. Only, the high quality of inseminated sperm can reach the SST (Long, 2006) . The quality of post-thawed sperm is not as high as fresh sperm in the female reproductive tract (Watson, 2000) . Moreover, lipid peroxidation during cryopreservation induces plasma membrane damage, which results in pre-acrosome reaction and sperm death (Partyka et al., 2011) . Therefore, the strategies that can increase the motility and viability of sperm will ensure sperm travels in the hen reproductive tract to reach SST and then the fertilization site. Furthermore, improvement in cellular parameters of sperm through reinforcement of the antioxidant system and mitochondria activity potentially will increase the function of sperm during passage through the reproductive tract . In the present study, improvement in fertility potential of sperm treated with 1μM NO was observed both through increasing the number and function of viable sperm after thawing. However, it must be remembered that numerous factors such as the nature of the hen, the applied techniques, number of inseminated sperm, environmental factors, depth of semen deposition, and frequency of insemination can affect fertility rate after artificial insemination (Lake and Ravie, 1984) . Unlike the fertility rate, hatching rate based on fertilized egg was not affected by the NO treatments, which suggested that the quality of sperm affects fertilization potential, while it has no effect on developmental potential up to the hatching stage. These findings are in agreement with those reported by Akhlaghi et al. (2014) who have shown that once the hen oocyte is fertilized, the embryo is equally competent to develop to the hatching stage. In addition, in mammalian study, embryo development was not affected by the motility of sperm after oocyte cleavage (Byrne et al., 2000) . However, it must be noted that in avians, there are several external factors such as incubator temperature and humidity as well as eggshell quality that can affect the hatch rate. However, further assessment of developmental potential of the embryo under effects of sperm quality need to be investigated.
CONCLUSION
Based on our findings, cryosurvival of rooster semen can be increased by preconditioning of sperm following exposure to sublethal oxidative stress. Application of 1 μM NO as sublethal oxidative stress before cryopreservation of sperm efficiently increased numerous quality indices of thawed sperm as well as its fertility potential. To the best of our knowledge, this is the first report on the effects of sublethal oxidative stress on rooster sperm before cryopreservation. This strategy might improve the protocol of rooster sperm freezing before using in artificial insemination.
